Introduction: During paediatric resuscitation it is essential to be able to estimate the child's weight as it determines drug doses and equipment sizes. Age and length-based estimations exist, with age-based estimations being especially useful in the preparation phase and the length-based Broselow tape having weight-based drug doses and equipment already assigned via a colour code system. The aim of this study was to compare the actual recorded weights of Australian children to the predicted weights using the original and updated APLS, Luscombe and Owens and Best Guess formulae and the Broselow tape. Method: A retrospective observational study of children attending an Australian tertiary children's hospital. Results: From 49,565 patients extracted from the database, 37,114 children with age and weight and 37,091 children with age and height recorded were included in the analysis. Best Guess was the most accurate, with the smallest overall mean difference 0.86 kg. For <1 year old, Broselow tape was the most accurate (mean difference −0.43 kg), Best Guess was the most accurate for ages 1-5 years and 11-14 years (mean difference 0.27 and 0.20 kg respectively), and the updated APLS formula was the most accurate for 6-10 year-old (mean difference 0.42 kg). The Broselow tape was able to only classify 48.9% of children into the correct weight colour band. Conclusions: For an age-based weight estimation, in infants less than one year the new APLS formula is the most accurate and over one year the Best Guess formulae should be used.
Introduction
In paediatric resuscitations, many interventions are calculated based on the weight of the child, including medication doses, intravenous fluid requirements, defibrillation energy doses and equipment sizes. Ideally the child must be weighed; however, this is not always possible in the context of emergency management such as during resuscitation or trauma as the child is unable to be placed on scales. Furthermore, it is advantageous to have weight predicted before an acutely unwell child arrives in the resuscitation room in order to prepare the correct drugs and equipment. Medical professionals are not proficient at accurate weight estimations, 1,2 and thus, there is a need for precise methods with which to estimate weight. There are various tools for paediatric weight estimation that have been proposed and these are based on either age or length of the patient. [3] [4] [5] [6] [7] [8] The most well-known method is the original advanced paediatric life support (APLS) formula, 7 which is based on age. It became apparent that the APLS formula tended to underestimate the actual weight and the margin of error increased with age. 4, 9, 10 Following this, Luscombe and Owens developed a new formula 4 which had been found to be more accurate than APLS. 11 In addition, an Australian formula known as Best Guess had also been developed which was more accurate than APLS. 5 In the most recent edition of the APLS guidelines, three new formulae were presented, stratified by age brackets 6 using the original APLS for ages 1-5 years and the Luscombe and Owens formulae for ages 6-12 years. Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license. There is increasing evidence that methods based on the length of the child are more accurate than aged-based formulae, 7, 12 however, this requires accurate physical measurement and may require additional tools. The Broselow tape also lists drug doses and equipment sizes for resuscitation, 8 however, it may have a tendency to underestimate weight. 9 The aim of this study was to compare the actual recorded weights of Australian children to the predicted weights using the original and updated APLS, Luscombe and Owens and Best Guess formulae and the Broselow tape.
Methods

Study design, setting and data
The Children's Hospital at Westmead (CHW) is located in Sydney, Australia and is a tertiary paediatric referral centre for New South Wales (NSW). We conducted a retrospective observational study with data extracted from the electronic medical record (Cerner Powerchart, Kansas City, MO) from February 1981 to January 2011 for patients who attended or were admitted to the hospital during this time. Table 1 describes the local population served by CHW (Greater Western Sydney) and NSW in general. Ancestry from census data defines the cultural association and ethnic background of an individual going back three generations. Ancestry is a good measure of the total size of cultural groups regardless of where they were born or what language they speak [13] Data extracted was age, weight and height/length and was the clinical measurement used for standard clinical care and entered directly into the medical record by the clinician.
Height was measured to the nearest mm and weight to two decimal places as standard.
All patients were initially extracted and then excluded due to age >14 years or corrupt data. Duplicate data records with matching medical record number (MRN), date of birth, height and weight were also removed.
Box plots of height and weight for each age group were used to identify potential outliers. The most extreme values for height and weight were deleted as supposed errors if they were more than 3 box lengths from the upper or lower edge of the box and if they were also separated from the remainder of the data. Data points that were outliers but were not separated from the remainder of the data were retained.
Weight estimation
The original APLS weight was computed as follows for ages 1-10 years:
Weight (kg) = (age + 4) × 2 The updated APLS weight was computed as follows for ages 0-12 years:
• Infants 0-12 months: weight (kg) = (0.5 × age in months) + 4 • Children 1-5 years: weight (kg) = (2 × age in years) + 8 • Children 6-12 years: weight (kg) = (3 × age in years) + 7
Luscombe and Owens was computed for ages 1-14 years as Weight (kg) = (3 × age) + 7 Best Guess weight was computed as follows:
• Infants 1-11 months: weight (kg) = (age in months + 9)/2 • Children 1-4 years: weight (kg) = 2 × (age + 5) • Children 5-14 years: weight (kg) = 4 × age A current Broselow Pediatric Emergency Tape (2007, Edition B, Armstrong edical Industries, IL, USA) was purchased and measured to define the colour cut-offs. Children taller than the length of the tape were excluded from these estimates.
Data analysis
Data were analysed using SPSS version 19.0 (IBM, USA). Pearson's correlation was used to examine the relationship between weight and the methods of weight estimation.
Means and standard deviations (SD) of measured heights and weights by age were computed. For each child, weight was estimated from age or length for each reported weight estimation method and was summarised by age group. Estimated mean weights were plotted by age to compare relative absolute differences between the methods.
For each method, the mean difference, which was the mean of the difference between actual weight and the estimated weight (bias), and the 95% CI was computed using a paired samples t-test. The percent weight estimated for each method was computed as the calculated weight divided by the measured weight and multiplied by 100. For each method, children with a percent weight <90% were classified as being more than 10% below their measured weight and children with a percent weight >110% were classified as being more than 10% above their measured weight. For each of the methods, the number of children whose estimated weight was less than 10% below or more than 10% above their measured weight was computed (precision).
Results
Participants
Data from 49,565 patients were initially extracted. 1395 records from 1981 to 2000 (2.8%) and the rest post 2000. 10,323 patients were excluded due to age >14 years or corrupt data and 2083 had duplicate records.
Outliers excluded 28 height and 17 weight records leaving 37,114 children with valid age and weight recorded and 37,091 children with a valid age and height recorded.
There were 12,688 patients whose length was within the range able to be tested against the Broselow tape.
The study population included 20,227 males (54.5%). The mean measured height and weight for each age group is shown in Table 2 . In the data set for children from 0-14 years, the absolute range of measured weights was from 1.75 to 156.20 kg. The absolute range of measured heights was 41.0-199.2 cm.
Main results
All methods of weight estimation had a strong positive relationship with measured weight (Pearson's correlation R = 0.63-0.81), with the Broselow tape having a very strong positive relationship (R = 0.81).The estimated weight for each age-based method and the difference between estimated and actual weight is shown in Fig. 1 . Broselow was not included in this graph as age is not used as part of the estimate and therefore, there is no estimated weight for age, only an estimated weight for length. The margin of error for the original APLS increased with age. Best Guess had smaller differences between the estimated weight and the mean weight for children aged 11-14 years than Luscombe and Owens.
The mean difference between estimated weights is shown in Table 3 . All methods except Best Guess tended to underestimate weight with a mean difference from −1.14 to −5.76 kg. Best Guess was the most accurate, with the smallest overall mean difference 0.86 kg. In the <1 year age bracket, Broselow tape was the most accurate (mean difference −0.43 kg), Best Guess was the most accurate in the age brackets 1-5 years and 11-14 years (mean difference 0.27 and 0.20 kg respectively), and the updated APLS/Luscombe formula was the most accurate in the 6-10 year bracket (mean difference 0.42 kg). In summary, the most accurate formulae were:
• Infants <1 year: weight (kg) = (0.5 × age in months) + 4 • Children 1-5 years: weight (kg) = 2 × (age in years + 5) • Children 6-10 years: weight (kg) = (3 × age in years) + 7 • Children 11-14 years: weight (kg) = 4 × age in years Broselow had the largest number estimated to within 10% of their actual weight, 49.4%.
The Broselow tape was able to classify 48.9% of children into the correct weight band ( Table 4 ). The Broselow tape correctly classified more than half of the small children, i.e. those falling in the 3-5, pink and red categories, and the mid-range children in the yellow, white and blue categories. In the tallest category, green, almost half of the children had their weight underestimated: the mean weight for the green group was 38 kg.
A subgroup analysis was performed with only children who could be measured by the Broselow tape. In this case, the updated APLS and Luscombe and Owens had a smaller mean difference than the Broselow tape (1.89, 2.87 and −3.08 respectively).
Discussion
To our knowledge, this paper is one of the first to study the updated APLS formulae and is one of the largest studies comparing methods of paediatric weight estimation. We found Best Guess to be the most accurate overall (mean bias 0.86 kg); however, Broselow was the most precise (49.4% within 10%). In particular, Best Guess was the most accurate in the age groups 1-5 years and 11-14 years.
For infants <1 year, the updated APLS was more accurate than Best Guess, the only other age-based formulae for this group (mean difference 0.51 kg vs. 0.98 kg).
These results support the change that APLS has made to its formulae. However, having to recollect multiple formulae can be problematic 14 and in this population the combination of APLS for the <1 year and Best Guess for 1-14 years seems to be the best compromise (rather than have four formulae) and challenges the notion that Broselow is more accurate than aged-based formulae. 7, 12, 15 The Broselow tape was less accurate than three of the agedbased formulae: updated APLS, Luscombe and Owens, and Best Guess. The Broselow tape correctly classified just under half of our population, with over a third having their weight underestimated and the remaining overestimated. Clinicians need to be aware that the Broselow tape is the most precise in estimating weight to within 10% of actual weight but is not the most accurate and will misclassify the Broselow colour up to 60% of the time with increasing likelihood with increasing age. This may have important clinical implications as clinicians may use the wrong drug doses, leading to ineffective treatment or over treatment and toxicity as well as complications from the use of the wrong equipment sizes.
This study is consistent with previous studies, where Broselow has been shown to underestimate weight, 9, 16 and that whilst Broselow is more precise, Best Guess is more accurate. 17 A recent study in South Africa 7 found the original APLS to be more accurate than we did. However, this population is regarded as a (rapidly) developing country and perhaps these findings are not generalisable to an Australian paediatric population.
Our population for this study was hospital attendees at a paediatric tertiary hospital. These children's' ancestry has already defined in the study methodology and represents a varied ethnic mix that should be considered when applying these results to other settings. The relatively small number of children presenting to the hospital with growth or stature abnormalities is unlikely to have skewed our data. We feel that the large sample size makes the study relevant and in particular is the population that is likely to attend any tertiary children's hospital for emergency care. The Australian population has diverse ethnicity and thus, the varied demographic gives rise to serious challenges when trying to use aged-based formulae as has been found in Pacific Islander and Maori children. 18 We were unable to differentiate between ethnicities in this study as the data did not have that recorded. A recent study developed a novel length-based estimation tool that included a modification based on habitus, and this was found to be more accurate than the Broselow tape. 19 As habitus was not recorded in our study, we did not examine this new tool, but it could be considered in future studies, particularly in populations with diverse body habitus. The data was extracted over a 30 year period and therefore, there may be longitudinal changes in population height and weight which may have influenced the data. However, over 97% of the records came since 2000 which should negate this confounder.
The accurate estimation of a child's weight continues to be important during resuscitation as even with the advent of new equipment such as trauma stretchers that allow the measurement of a child's weight, it is not always possible particularly in cases of lower Glasgow coma scores, during the use of immobilisation equipment, in children undergoing CPR and those with more severe injuries. 20 Therefore, further work is required to estimate ideal body weight and identify in what situations ideal body weight should be used to calculate medication doses rather than actual body weight (estimated or weighed) which was beyond the scope of this study.
Conclusions
Where an immediate weight cannot be obtained this study suggests, for an age-based estimation, in infants less than one year the new APLS formula is the most accurate and over one year the Best Guess formulae should be used. The Broselow tape, whilst being the most precise, may misclassify up to 60% of children into a different colour group, with a greater risk in older children.
